INTRODUCTION
Aflatoxin B 1 (AFB 1 ), a common contaminant of poultry feedstuffs, is well known for its negative effects on bird performance and immunity. From the studies conducted to date, the threshold dietary level of AFB 1 can be generalized to be 1,000 μg/kg or more for observing the negative effects on humoral immunity (Yunus et al., 2011b) . The data on antibody response during exposure to AFB 1 at dietary levels of lower than 1,000 μg/kg are scanty and not conclusive despite years of research work. In this regard, 500 μg of AFB 1 /kg of diet was reported to reduce antibody titers against Newcastle disease virus (NDV) in broilers (Manafi et al., 2012) . However, there is also evidence on increase in antibody response to NDV during exposure to a similar dietary contamination with AFB 1 (Giambrone et al., 1985a,b) . Diaz et al. (2008) has hypothesized hormesis regarding effects of AFB 1 on broiler performance (i.e., a temporary stimulation of bird performance variables at low doses of AFB 1 ). Such effects of AFB 1 on humoral immunity have so far remained overlooked.
Similar to the case of humoral immunity, literature on the effects of AFB 1 concentrations of 1,000 μg/kg diet or lower on serum levels of cations in broilers is scanty and is also not conclusive. In this regard, Gowda et al. (2008) documented negative effects of 1,000 μg of AFB 1 /kg diet on serum Ca levels in broilers, whereas Tedesco et al. (2004), and Zhao et al. (2010) found this variable to be not affected at 800 and 1,000 μg of AFB 1 /kg of diet, respectively. In case of Na, Eraslan et al. (2005) and Zhao et al. (2010) reported its serum levels in broilers to be not affected at 1,000 μg of AFB 1 / kg of diet. However, Glahn et al. (1991) noted a 10-d exposure of broilers to 2,000 μg of AFB 1 /d to stimulate Na reabsorption from kidneys. Keeping in view the aforementioned contradictory reports, the present experiment was conducted to investigate the effects of AFB 1 at doses less than 1 mg/kg of diet on serum cation status and antibody titers against common vaccines at different stages of exposure in broiler chickens.
MATERIALS AND METHODS
The production of AFB 1 , production and analyses of the experimental diets, and management of the birds used in this experiment were detailed earlier (Yunus and Böhm, 2011; Yunus et al., 2011a) . In brief, AFB 1 was produced on a rice medium after inoculation with der the 750 ppb AFB 1 diet during wk 2 and 4. During wk 2 of exposure, lower serum levels of potassium were noted in birds under both the 75 (P = 0.037) and 750 ppb (P = 0.000) AFB 1 diets compared with those under the control diet. During wk 5, higher serum magnesium (P = 0.004), and sodium (P = 0.000) under the 750 ppb AFB 1 diet were found compared with the control diet. These data indicate that low dietary levels of AFB 1 can temporarily increase or decrease the studied serological variables in broilers depending upon the stage of exposure.
Aspergillus flavus strain NRRL 3357 and incubating it at 28°C for 4 d. The mycotoxin was then extracted in crude form using ethanol, and mixed with broiler starter or grower mash (Biomune GmbH, Herzogenburg, Austria) to produce an AFB 1 -contaminated diet at the theoretical level of 750 μg of AFB 1 /kg. This diet was then diluted at the rate of 1:10 with the basal diet to produce a theoretical contamination level of 75 μg of AFB 1 /kg. Seventy-five 7-d-old Ross 308 male chicks were randomly allotted to 3 dietary treatments (25 chicks per treatment) with each treatment having 3 replicates. The 3 dietary treatments included a control diet (no AFB 1 ), a 75 ppb AFB 1 diet (analyzed content, 87 μg of AFB 1 /kg), or a 750 ppb AFB 1 diet (analyzed content, 634 μg of AFB 1 /kg; analyzed values presented in Table  1 ). All of the diets were free of coccidiostat/antibiotic and probiotic/prebiotic supplementation. At 15 to 17 d of age (wk 2 of exposure), at 29 to 31 d of age (wk 4 of exposure), and then at 42 d of age, 7 birds per treatment were euthanized for the collection of blood and lymphoid organs. The weights of lymphoid organs, including the thymus, spleen, and bursa, were recorded and converted to a value relative to the BW according to the formula described earlier (Yunus et al., 2011a) . However, the data on lymphoid organs are not presented. Serum samples were digested with nitric and hydrochloric acids, and hydrogen peroxide using a microwave digestion system (model MLSETHOS plus 2, Mikrowellen-Labor-Systeme, Leutkirch, Germany), and analyzed for the levels of cations using an atomic absorption spectrometer (model 4100, Bodenseewerk Perkin-Elmer, Überlingen, Germany). Antibody titers against NDV, IBV, and IBDV were determined using specific ELISA kits (BioChek Veterinary Diagnostics, Hounslow, Holland) in accordance with the protocols specified by the supplier. The total protein content of the serum was analyzed using the Bio-Rad Protein assay (Bio-Rad Laboratories GmbH, Munich, Germany) following the method described by Bradford (1976) . The data were analyzed by applying ANOVA and least significant difference in SPSS version 17 (SPSS Inc., Chicago, IL).
RESULTS
Data regarding the effects of the dietary treatments on responses from common vaccines and serum protein levels are presented in Table 2 . The 750 ppb AFB 1 diet resulted in higher (P = 0.014) ELISA titers against NDV during wk 2 of exposure compared with the control diet. During wk 4, the 750 ppb AFB 1 diet resulted in higher (P = 0.005) titers against IBDV compared with both the control and 75 ppb AFB 1 diets. Conversely, the 750 ppb AFB 1 diet resulted in lower (P ≤ After wk 4 of exposure, no significant differences (P ≥ 0.055) among treatments were found regarding ELISA titers and serum protein levels. Data regarding serum levels of cations are presented in Table 3 . During wk 2 of exposure, lower serum levels of serum K were noted under both the 75 (P = 0.037) and 750 ppb (P = 0.000) AFB 1 diets compared with the control diet. The serum levels of K under the 750 ppb AFB 1 diet were also lower (P = 0.041) compared with the 75 ppb AFB 1 diet. After wk 2, the serum levels of K under the AFB 1 diets tended to be higher (P > 0.050) than under the control diet. During wk 5 of exposure, the 750 ppb AFB 1 diet resulted in higher levels of serum Mg (P = 0.004) than under the control, and higher (P = 0.000) levels of serum Na compared with both the control and 75 ppb AFB 1 diets.
DISCUSSION
Aflatoxin B 1 is well known to negatively affect humoral immunity and serum protein level. Most of the previous workers, however, did not find any modulation of humoral immune response and serum protein concentration at levels of AFB 1 lower than 1,000 μg/ kg of diet (review, Yunus et al., 2011b) . Exceptions to this generalization include the reports from Raju and Devegowda (2000) in which the authors reported lower total serum protein in broilers exposed to 300 μg/kg of 1 Values presented as arithmetic means of 6 to 7 observations. The protein concentrations in wk 5 are means of 3 observations. 2 Preexposure titers: at 3 (n = 9) and 7 d (n = 12), the titers against Newcastle disease virus (NDV) were 18,950 ± 2,070.3 and 6,576 ± 773.1, against infectious bronchitis virus (IBV) were 10,249 and 3,051, and against infectious bursal disease virus (IBDV) were 12,873 and 5,037, respectively. a-c Within a row, means with different superscripts differ significantly (P < 0.050). 1 Data presented as means of 6 to 7 observations. diet for 3 and 5 wk. In the present report, AFB 1 at 750 μg/kg of diet resulted in lower serum protein levels during wk 2 and 4 of exposure, but higher antibody titers against NDV and IBDV in the wk 2 and 4, respectively. After wk 4, the serum protein levels and antibody titers were not significantly different among the dietary treatments. Present results are not the first documentation of an increase in humoral immune response at low levels of AFB 1 . Results comparable to the present study were reported by Giambrone et al. (1985b) who conducted 2 separate experiments on Hubbard broilers. In the first experiment, these authors noted a nonsignificant increasing trend in titers against NDV with increase in the AFB 1 content of diet from 0 to 500 μg/kg. Also, higher (P < 0.05) titers against a Pasteurella multocida vaccine were noted in the birds fed 500 μg of AFB 1 / kg of diet. In the second experiment, higher (P < 0.05) titers against NDV and P. multocida were noted in the birds fed 100 and 200 μg of AFB 1 /kg of diet, respectively. The increase in titers against NDV and P. multocida in birds exposed to AFB 1 was not seen in the birds exposed to mixtures of AFB 1 and AFB 2 . In another report, these authors (Giambrone et al., 1985a) found higher (P > 0.05) titers against NDV and P. multocida in birds fed 100 to 800 μg of AFB 1 /kg of diets. In both of these reports (Giambrone et al., 1985a,b) , no significant differences in bird mortality were found when the birds on 0, 200, 400, 500, and 1,000 μg of AFB 1 / kg of diet were later challenged with a virulent NDV or P. multocida. The aforementioned reports of Giambrone et al. indicate that the increase in antibody titers seen during the present study could be temporary. The underlying mechanisms for this temporary increase may be a modest overcompensation following an initial disruption in homeostasis, as explained by Calabrese (2008) for hormesis. In this regard, a possible explanation could be enhanced turnover of serum antibodies leading consequently to decreased antibody half-life as also proposed by Azzam and Gabal (1998) . Lymphoid cell depletion in thymus, spleen, and bursa of Fabricius is a well-known phenomenon in birds exposed to AFB 1 (Shivachandra et al., 2003) . Abnormal size of lymphoid organs in such birds is a common observation, and the same was also noted in the present study. In this regard, we found higher (P = 0.042) relative weight of spleen in birds under 750 ppb AFB 1 diet compared with the birds under the control diet during wk 2 of exposure. During the wk 4, higher (P ≤ 0.004) relative weight of spleen, whereas lower (P ≤ 0.002) relative weights of bursa of Fabricius and thymus were found in the birds fed 750 ppb AFB 1 diet compared with the birds fed the control and 75 ppb AFB 1 diets.
Previously, most authors have reported lower serum levels of serum Ca at AFB 1 dietary levels of 2,000 μg/kg or more (Kubena et al., 1997; Zhao et al., 2010) . In one report, 4,000 μg AFB 1 /kg of diet was noted to cause lower levels of Ca, but higher levels of Na in serum of broilers (Ledoux et al., 1999) . Further higher levels of 5,000 μg AFB 1 /kg of diet were also found to decrease serum levels of Ca (Bailey et al., 1998) . Contrary to the case of high levels of AFB 1 , literature regarding AFB 1 levels of 1,000 μg/kg of diet or lower is not conclusive. In this regard, Zhao et al. (2010) did not find any effect of 1,000 μg of AFB 1 /kg of diet on serum levels of Ca, Na, and K when the contaminated diets were fed to broilers from 1 to 21 d of age. With a similar duration of exposure, Gowda et al. (2008) documented negative effects of 1,000 μg of AFB 1 /kg of diet on serum Ca in Cobb broilers. At further lower levels of 800 μg of AFB 1 /kg of diet, Tedesco et al. (2004) did not find any effect on serum levels of Ca when the contaminated diets were fed to broilers from 14 to 49 d of age. Our data in this regard indicate that these differences in observations could be due to blood sampling at various stages of exposure. Whether the improvements in the serum levels of elements during latter stages of exposure were a compensatory effect needs to be investigated.
When considering the present results, it should be noted that the experimental diets we used had basal levels of deoxynivalenol (DON), 3-acetyl-DON, and zearalenone that are not uncommon in European poultry feeds. Previously, we reported a temporary increase in antibody response from NDV during wk 2 of exposure to 12,000 μg of DON/kg of diet (Yunus et al., 2012) . Therefore, a contribution of the low levels of DON and its analogs in the modulation of humoral immunity in the present experiment cannot be ruled out.
